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Heavy Higgs Bosons in BSM

The LRIS Model

Fields SU(3)C × SU(2)L × SU(2)R × UB−L Z2

QL =

(
uL
dL

)
(3,2,1, 1

3) +1

QR =

(
uR
dR

)
(3,1,2, 1

3) +1

LL =

(
νL
eL

)
(1,2,1,−1) +1

LR =

(
νR
eR

)
(1,1,2,−1) +1

S1 (1,1,1,−2) −1
S2 (1,1,1, 2) +1

φ =

(
φ0

1 φ+
1

φ−2 φ0
2

)
(1,2,2, 0) +1

χR =

(
χ+
R

χ0
R

)
(1,1,2, 1) +1

Table 1: The LRIS particle Content quantum numbers.
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Heavy Higgs Bosons in BSM

The LRIS Model

The Higgs potential is [7]

V (φ, χR) = µ1Tr(φ†φ) + µ2[Tr(φ̃φ†) + Tr(φ̃†φ)] + λ1(Tr(φ†φ))2

+ λ2[(Tr(φ̃φ†))2 + (Tr(φ̃†φ))2] + λ3Tr(φ̃φ†)Tr(φ̃†φ)

+ λ4Tr(φφ†)(Tr(φ̃φ†) + Tr(φ̃†φ)) + µ3(χ†RχR) + ρ1(χ†RχR)2

+ α1Tr(φ†φ)(χ†RχR) + α2(χ†Rφ
†φχR) + α3(χ†Rφ̃

†φ̃χR)

+ α4(χ†Rφ
†φ̃χR + h.c.). (1)

The Yukawa Lagrangian

LY =

3∑
i,j=1

L̄L,i
(
φyLij + φ̃ỹLij

)
LR,j + Q̄L,i

(
φyQij + φ̃ỹQij

)
QR,j

+L̄R,iχ̃Ry
s
ijS

c
2,j +H.c. . (2)
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Heavy Higgs Bosons in BSM

The LRIS Model

Spontaneous symmetry breaking (SSB) occurs via the vevs

〈φ〉 =

(
k1 0
0 k2

)
∼ O(GeV), 〈χ〉 =

(
0
vR

)
∼ O(TeV). (3)

and tβ = tanβ = k1/k2, v =
√
k2

1 + k2
2 = 246 GeV.

After SSB, the IS neutrino masses Lagrangian is [13, 14, 10, 16]

Lνm = MDν̄LνR +MRν̄
c
RS2 + µsS̄c2S2 + h.c., (4)

where MD = v(yLsβ + ỹLcβ)/
√

2 is the neutrino Dirac mass matrix
and MR = ysvR/

√
2.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

Fig. 1 (right) shows the h′ decay branching ratios with mh′ . For
mh′ ≤ 600 GeV, BR(h′ → hh) ≥ 10%, which gives a hope for probing
this heavy Higgs through this channel.
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Figure 1: (Left) The h′ ggF production cross section with the three BP points
circled. (Right) h′-decay branching ratios.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

h′ → hh→ bb̄γγ and h′ → ZZ → 4`

Here we adapt the following different values of h′-mass:
mh′ = 250 GeV, 400 GeV and 600 GeV

Figure 2: Feynman diagram for the h′ ggF production and decay process
gg → h′ → hh→ bb̄γγ and gg → h′ → ZZ → 4`.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

h′ → hh→ bb̄γγ and h′ → ZZ → 4`

We have Γh′/mh′ � 1 and in the narrow width approximation the
total cross sections are decomposed into

σ(pp→ h′ → hh→ bb̄γγ) ≈ σ(pp→ h′)× BR(h′ → hh)× BR(h→ bb̄)× BR(h→ γγ),

σ(pp→ h′ → ZZ → 4`) ≈ σ(pp→ h′)× BR(h′ → ZZ)× (BR(Z → 2`))2

mh′ (GeV) σ(pp→ h′) (pb) BR(h′ → hh) σ(pp→ h′ → hh→ bb̄γγ) (fb)
250 12.140 0.30 6.30
400 5.050 0.20 1.01
600 0.504 0.18 0.05

Table 2: pp→ h′ → hh→ bb̄γγ production and decays.

mh′ (GeV) σ(pp→ h′) (pb) BR(h′ → ZZ) σ(pp→ h′ → ZZ → 4`) (fb)
250 12.140 0.050 0.2428
400 5.050 0.025 0.0579

Table 3: pp→ h′ → ZZ production and its decay.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

h′ → hh→ bb̄γγ and h′ → ZZ → 4`

The relevant backgrounds are

pp→ bbhγγ/bbja/bbjj/ccγγ/ccjγ/jjγγ/gghγγ/tt/ttγ/tthγγ/bbzγγ/zhγγ.

Cuts (Select) Signal (S): mh′ = 250 (400) GeV Background (B) S/
√

B
Initial (no cut) 1904.00 (308.00) 25058.00 12.000 (1.95)

(Mγγ)<125.0 GeV
>119.5 GeV

522.00± 19.30 (106.60± 8.36) 387.40± 19.20 26.53± 0.01 (5.42± 0.01)

Table 4: Cut flow for h′ → hh→ bb̄γγ at 300 fb−1 and
√
s = 14 TeV for

mh′ = 250 GeV (400 GeV).

Cuts (Select) Signal (S): mh′ = 600 GeV Background (B) S/
√

B
Initial (no cut) 155.000 250589.00 0.310

Mbb < 200.0 GeV 52.250± 5.18 39823.60± 82.40 0.264± 0.0008

(Mγγ)<140.0 GeV
>119.5 GeV 34.432± 5.91 1826.60± 42.00 0.800± 0.0004

(∆R)bb<2.0
γγ<2.0 28.300± 4.46 198.63± 7.66 2.010± 0.0200

(PT )γγ > 200.0 GeV 22.160± 4.36 60.75± 7.70 2.800± 0.0260

Table 5: Cut flow for h′ → hh→ bb̄γγ at Lint = 3000 fb−1 and
√
s = 14 TeV

for mh′ = 600 GeV.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

h′ → hh→ bb̄γγ and h′ → ZZ → 4`
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Figure 3: Left: Number of signal events for h′ → bb̄γγ decays at mass
mh′ = 250 GeV (blue) and 400 GeV (red) induced by ggF versus the invariant
mass of the final states bb̄γγ, at

√
s = 14 TeV and Lint = 300 fb−1 alongside

with the relevant background events (black) after applying the cut flow of Tab. 4.
Right: mh′ = 600 GeV (green) at

√
s = 14 TeV and Lint = 3000 fb−1 alongside

the background (black) after (right) applying the cut flow set of Tab. 5.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

h′ → hh→ bb̄γγ and h′ → ZZ → 4`

Cuts (Select) Signal (S): mh′ = 250 GeV (400 GeV) Background (B) S/
√

B
Initial (no cut) 728.00 (174.00) 79890.00 2.58000 (0.43000)

/HT > 150.0 GeV 58.65± 7.34 (38.20± 2.01) 247.70± 15.70 2.02457± 0.00790 (1.26340± 0.00597)

Table 6: Cut flow charts for the h′ → ZZ → 4` signal versus its relevant
background and the corresponding number of events and significance at
3000 fb−1 and

√
s = 14 TeV for mh′ = 250 GeV, 400 GeV.
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Figure 4: Number of signal events for pp→ h′ → ZZ → 4` decays at mass
mh′ = 250 GeV (red) and 400 GeV (blue) at

√
s = 14 TeV and Lint = 3000 fb−1

with the background (black) applying the cut flow of Tab. 6.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

h′ → hh→ bb̄γγ and h′ → ZZ → 4`
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Figure 5: Left: Historical significance of h′ → bb̄γγ versus Lint at mass
mh′ = 250 , 400, 600 GeV (blue/red/green). Right: Historical significance of
pp→ h′ → ZZ → 4` signal at mh′ = 250, 400 GeV (blue/red).
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

H± Contribution to aµ

Recent experimental possible 4.2σ aµ deviation from the SM [11, 1]

δaµ = aexp
µ − aSM

µ = (2.51± 0.59)× 10−9. (5)

Figure 6: LRIS 1-loop a` via νk, H
±, V ± = W,W ′, V 0 = Z,Z ′, S0 = h,A.

The relevant H±-leptons couplings are

ξk` '
√

2

vc2β

3∑
i=1

U∗k,i+3

(
s2βMlp −MD)`i, k = 4, . . . , 9, (6)

ζk` '
√

2

vc2β

3∑
i=1

Uki
(
Mlp − s2βMD

)
i`
, k = 1, 2, 3, (7)

and U is the IS neutrino mixing matrix.
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

H± Contribution to aµ

The charged Higgs H± contribution to aµ is given by

aH
±

` = G`F ΓH
±

γ

9∑
k=1

(
|ζ ′k`|2 F2(xνkH±) + 2Re[ζ ′k`ξ

′∗
k`] F1(xνkH±)

)
, (8)

where the couplings ζ ′k` = v
mνk

ζk` and ξ′k` = v
m`
ξk`.

The loop functions Fk (k = 1, 2) in Eq. (8) are given by

Fk(y) =
yPk(y)

(y − 1)k+1
− 6yk+1 log(y)

(y − 1)k+2
, k = 1, 2, (9)

P1(y) = 3y + 3, (10)

P2(y) = 2y2 + 5y − 1. (11)
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Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

H± Contribution to aµ

The charged Higgs boson contribution to the aµ anomaly Eq. (8) can
be approximated to

aH
±

` ' 2G`F ΓH
±

γ

9∑
k=4

Re[ζ ′k`ξ
′∗
k`] F1(xνkH±) <∼

3ΓH
±

γ

8π2
m`

9∑
k=4

ζk`ξk`
mνk

. (12)
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Figure 7: (Left/right) δaµ,e with xν5H± = m2
ν5/m

2
H± . The 1σ and 2σ standard

errors of measurements of aµ are included in green and red borders. BP is
encircled.

18 / 36 Mustafa Ashry Heavy Higgs Bosons in BSM



Heavy Higgs Bosons in BSM

Heavy Higgs in LRIS at the LHC

H± Contribution to aµ

α32 tβ vR ZH
±

31 ZH
±

32 ZH
±

33 mH±

0.0058 0.1 10000 −0.099 −0.994 0.024 545

Table 7: BP and H± mixing and mass for
ys = diag(1.53× 10−2, 9.76× 10−1, 2.05× 10−1) and
µs = diag(1.01× 10−5, 3.82× 10−9, 5.49× 10−6). Finally, the nonvanishing
elements of the orthogonal matrix R are R13 = R21 = R32 = 1.

mν1 mν2 mν3 mν4 mν5 mν6 mν7 mν8 mν9

1.0× 10−13 8.5× 10−12 5.0× 10−11 108 695 1449 108 695 1449

Table 8: BP neutrino mass spectrum in GeVs.

δaµ −δae BR(µ→ eγ)

2.5× 10−9 8.1× 10−17 3.4× 10−13

Table 9: BP Observalbles gµ(e) − 2, BR(µ→ eγ) of the BP given in Tab. 8.
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Table 10: Yukawa and IS matrices BP.
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Heavy Higgs in LRIS at the LHC

H± Contribution to aµ

Experimentally, BR(µ→ eγ) <∼ 4.2× 10−13 (90%CL) [6]. LRIS H±

BR(µ→ eγ)LRIS <∼
9αem

256π4

m5
µ

Γµ

9∑
k=4

1

m2
νk

(ζk,eξk,µ
mµ

+
ξk,eζk,µ
me

)2
. (14)

Also, experiments make the upper bounds
RTi
µ→e 6 10−18, RAl

µ→e 6 10−16, RAu
µ→e 6 7× 10−13 to the

µ-e conversion rates on a nucleus (A) [12].

The H± contribution to the µ-e conversion is [2, 8]

RAµ→e =
32G2

Fm
5
µ

ΓAcapt

[∣∣∣C̃ppV,RV (p)
A +C̃nnV,RV

(n)
A +

1

4
CD,LDA

∣∣∣2+{L↔ R}
]
. (15)

ΓAcapt ∼ O(1− 10)× 106 s−1, and V
(p)
A , V

(n)
A , DA ∼ O(10−2 − 10−1)

for A = Al, Ti, Au [12].
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Heavy Higgs in LRIS at the LHC

H± Contribution to aµ

BR(µ→ eγ) RAl
µ→e RTi

µ→e RAu
µ→e

2.10× 10−13 4.10× 10−51 3.80× 10−50 4.10× 10−49

Table 11: LFV observables BP given in Table 8 in LRIS.
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Figure 8: BR(µ→ eγ) versus δaµ in LRIS. BP is encircled.

All BPs are tested and found to satisfy the µ-e conversion
experimental limits as in Table 11.
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Heavy Higgs in BLSSM Model

Superpotential

W = Y iju ûci Q̂j · Ĥu − Y
ij
d d̂ci Q̂j · Ĥd − Y ije Êci L̂j · Ĥd + Y ijν N̂c

i L̂j · Ĥu

+
1

2
Y ijN N̂c

i χ̂1N̂
c
j + µĤu · Ĥd − µ′χ̂1χ̂2.

Superfield Spin-0 Spin-1
2 Generations GSM ⊗ U(1)B−L

Q̂ Q̃ Q 3
(
3,2, 1

6 ,
1
3

)
d̂c d̃c dc 3

(
3,1, 1

3 ,−
1
3

)
ûc ũc uc 3

(
3,1,−2

3 ,−
1
3

)
L̂ L̃ L 3

(
1,2,−1

2 ,−1
)

Êc ẽc ec 3
(
1,1, 1, 1

)
N̂ c Ñ c N c 3

(
1,1, 0, 1

)
Ĥd Hd H̃d 1

(
1,2,−1

2 , 0
)

Ĥu Hu H̃u 1
(
1,2, 1

2 , 0
)

χ̂1 χ1 χ̃1 1
(
1,1, 0,−2

)
χ̂2 χ2 χ̃2 1

(
1,1, 0, 2

)
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The Z − Z ′ mixing angle is

tan 2θ′ =
2g̃
√
g2

1 + g2
2

g̃2 + 16(v
′

v )2g2
BL − g2

2 − g2
1

<∼ 10−3, (16)

where g̃ is the gauge mixing between U(1)Y and U(1)B−L and
v′ =

√
v2

1 + v2
2 is the B − L vev.

The Higgs potential is

V (H,χ) = |µ|2(|H0
u|2 + |H0

d |2) + |µ′|2(|χ1|2 + |χ2|2)

+
g2

8
(|H0

u|2 − |H0
d |2)2 +

g2
BL

2
(|χ1|2 − |χ2|2)2

− g̃gBL
4

(|H0
u|2 − |H0

d |2)(|χ1|2 − |χ2|2)

−m2
1|χ1|2 −m2

2|χ2|2 −B′µχ1χ2.
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Figure 9: The Higgs mixing ZH2i (i = 1, . . . , 4) versus the gauge kinetic mixing
coupling g̃.
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Figure 10: Feynman diagrams for h′ production via ggF and decays via (from left
to right) W+W− → 2`+ /ET , h′ → ZZ → 4` and h′ → hh→ bb̄γγ.
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Figure 11: ggF h′ production cross section at
√
s = 14 TeV (left) and h′ decay

BRs (right) versus the kinetic mixing coupling g̃.
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Figure 12: S and B distributions at mh′ = 400 GeV, Lint = 300 fb−1.
Below-right: Historical significance.
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Figure 13: H →WW → 2j +MET (up) and H → hh→ γγb̄b (down): S and
B distributions, significance, correlation matrix and the ROC curves for different
learning ML algorithms at mh′ = 400 GeV, Lint = 300/3000 fb−1 [15].
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Conclusion

Possible signatures for heavy nonsusy Higgs bosons.

Possible signatures for heavy susy Higgs bosons.
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